Abstract. In California, hard (Ixodidae) ticks transmit at least 8 zoonotic disease agents (1 virus, 6 bacteria, 1 protozoan) to humans or other animals. The correct taxonomic identification of all 3 parasitic stages (larvae, nymphs, adults) of ticks is integral to understanding host-tick associations and disease dynamics, but immature ticks, especially the larvae, can be difficult to identify. Here, we present larval keys to the 4 genera of Ixodidae (Dermacentor Koch 1844; Haemaphysalis Koch 1844; Ixodes Latreille 1795; Rhipicephalus Koch 1844) and to the 18 species of Ixodes known to be established in California. Several new diagnostic features, as well as photographs of microscopic structures, are provided to facilitate identification. Non-exclusive characters are utilized to separate the subgenera Ixodiopsis Filippova 1957 and Pholeoixodes Schulze 1942.
INTRODUCTION
Ticks (Acari: Ixodidae) are obligate, bloodsucking ectoparasites of reptiles, rodents, birds and mammals (Sonenshine 1991 (Sonenshine , 1993 . In California, 27 species of hard (Ixodidae) and 20 species of soft (Argasidae) ticks are known to be established (Furman & Loomis 1984 , Robbins 1989 , Norris et al. 1997 . At least 8 animal disease agents have been detected in or isolated from ixodid ticks, humans or other animals in the state, including those causing Colorado tick fever, human babesiosis, human granulocytic anaplasmosis, human monocytic ehrlichiosis, Lyme disease, Q-fever, Rocky Mountain spotted fever, and tularemia (Lane & Clover 2002 , Hui et al. 2004 . Several ticks belonging to the genus Ixodes Latreille 1795 serve as enzootic or bridging vectors of Lyme disease spirochetes (Borrelia burgdorferi sensu lato [s.l.] ) or the agent of human granulocytic anaplasmosis (Anaplasma phagocytophilum). These include the primary vector of both agents to humans, the western black-legged tick I. pacificus Cooley & Kohls 1943 and at least 3 predominantly, if not exclusively, enzootic vectors of B. burgdorferi s.l., i.e., I. angustus Neumann 1899; I. jellisoni Cooley & Kohls 1938; and I. spinipalpis Hadwen & Nuttall 1916. All ixodid ticks have 3 parasitic stages, the larva, nymph and adult, each of which must secure a blood meal to develop to the next stage or, in the case of the adults, to reproduce. Although larval ticks occasionally acquire disease agents vertically via the eggs of infected females, a phenomenon known as transovarial transmission, most larvae that become infected typically ingest disease agents with the blood meal. After the transstadial molt, the resultant nymphs may transmit the disease horizontally to other vertebrate hosts. Similarly, nymphs that feed on an infective host may acquire an agent and pass it transstadially to adult ticks. The small size, , 0.9 mm in length (Klompen et al. 1996) of unfed larvae can render them difficult to identify, nonetheless, accurate identification of larval ticks is crucial to delimiting the geographical host range of a given tick species and the transmission dynamics (i.e., vector-pathogen-host interrelationships) of tick-borne pathogens.
It has been 24 year since the publication of the seminal monographic work on the ticks of California (Furman & Loomis 1984) , and 18 years since the latest taxonomic treatise on larval Ixodes spp. in this state (Webb et al. 1990 ). More recently, all stages of the soft tick Argas monolakensis (Schwan et al. 1992 ) and the larva of I. jellisoni were described for the first time ; I. holdenriedi Cooley 1946 was synonymized with I. ochotonae Gregson 1941 (Robbins 1989 and I. neotomae Cooley 1944 with I. spinipalpis (Norris et al. 1997) ; and the genus Boophilus Curtice 1891 was made a subgenus of Rhipicephalus Koch 1844 (Murrell & Barker 2003) . Furthermore, we discovered several useful diagnostic characters that facilitate identification of Ixodes larvae and differentiation of the subgenera Ixodiopsis Filippova 1957 and Pholeoixodes Schulze 1942. Here, we present updated larval keys, illustrated with photographs, to the 4 ixodid genera and to the 18 species of Ixodes known to be established in California.
MATERIALS AND METHODS
Our keys borrow taxonomic information published previously by Serdyukova (1955) , Clifford & Anastos (1960) , Allred et al. (1960) , Clifford et al. (1961 Clifford et al. ( , 1973 , Filippova (1958 Filippova ( , 1961 Filippova ( , 1967 Filippova ( , 1977 , Furman & Loomis (1984) , Webb et al. (1990) , Robbins & Keirans (1992) , Klompen et al. (1996 Klompen et al. ( , 1997 , and Lindquist et al. (1999) . We use diagnostic characters that can be visualized easily at either 1003 or 4003 magnification. They are illustrated (Fig. 1 ) by modified line drawings representing larvae in the genus Ixodes (Clifford et al. 1961 ) and with photographs that present tick structure as it is viewed under the microscope. Information on the hosts and seasonal occurrence of each species can be found in Furman & Loomis (1984) and Webb et al. (1990) .
Larvae were cleared according to an extraction procedure used to prepare tissue for PCR (Qiagen, Foster City, CA). A tiny incision was made on one side of the abdomen, and the resultant mixture of ATL tissue lysis buffer, Proteinase K solution and tick larva were incubated for 24 h at 34uC. Next, the exoskeleton was transferred to 5% acetic acid for < 5 min to render the cuticle miscible in Hoyer's mounting medium that was used to mount specimens for dorsal or ventral examination. This process produces a reserve of lysed tissue for molecular studies while preserving the exoskeleton for subsequent morphological examination (Cruickshank 2002) .
Photographs of larvae were taken with a Zeiss MC63 photo-micrographic camera mounted on a compound microscope, and printed with full-frame border options. Material examined included larval Ixodes spp. in the tick collection of the Orange County Vector Control District, Garden Grove, California (Webb et al. 1990 ). Some of these and the other specimens examined are listed below ''Specimens examined''. Ticks photographed for inclusion herein, and those used to construct the keys, are archived in the collection of R. S. L. and recorded in the database of the Essig Museum, University of California, Berkeley. A few additional specimens were borrowed from the U.S. The Californian Genera of Ixodidae Traditionally, immature and adult Ixodidae have been grouped into two sections, the Prostriata and the Metastriata that are distinguishable by the anal groove ( Fig. 2) (Nuttall & Warburton 1911) . In the Prostriata (5 the genus Ixodes), the anal groove is present in all 3 parasitic stages, but closed anteriorly only in nymphs and adults. It is not developed at all in larvae of the Metastriata, but nymphs and adults usually possess an anal groove posterior to the anus. The anal groove delineates segment XIV (Klompen et al. 1996) and it may form the centrally located of three festoons along the posterior margin. This character state also is unique to the genus Ixodes (Fig. 1) . Contrariwise, sensilla sagittiformia (3 pairs of large ventral wax glands situated posterior to the coxae plus 1 pair located dorsally on the alloscutum) (Fig. 3) are present in the Metastriata, but absent in Ixodes. (Furman & Loomis 1984) .
Larval ticks can be separated easily from the nymphs or adults by possessing 3 pairs of legs versus 4 pairs. Classification of larvae utilizes the arrangement of setae (Fig. 4) that are distributed symmetrically in pairs (Glashinskaya-Babenko 1949 , Serdyukova 1955 , Clifford & Anastos 1960 . In contrast, nymphs have a greater number of setae that are distributed asymmetrically. The 4 palpal segments and posteromarginal festoons (9 or 11 in larval Metastriata, 3 in Prostriata) sometimes are fused and appear fewer in number in larval ticks than in nymphs and adults, but are consistent within species.
A key to the genera of larval ixodids is included because larvae of Dermacentor and Ixodes frequently infest the same small mammals (e.g., rodents) in California, and lagomorphs (rabbits and hares) are parasitized by these genera as well as by Haemaphysalis leporispalustris Packard 1869. The larval hosts of Rhipicephalus sanguineus Latreille 1806 are less well known in California, but the available collection records suggest that they principally parasitize dogs and occasionally humans (Furman & Loomis 1984) .
Large wax glands absent; 2 pairs of posthypostomal setae, ventral view ( The Genus Ixodes in California
The key to Ixodes larvae is based upon the classification of subgenera in Clifford et al. (1973) , except that Ixodiopsis is treated here as a separate subgenus (Filippova 1957 , Robbins & Keirans 1992 ) and I. brunneus Koch 1844 is included in the subgenus Trichotoixodes Reznik 1961 (Filippova 1977 . Seven subgenera and 18 species of Ixodes reportedly occur in California. Whenever possible, figures are Hadwen & Nuttall 1916 . Ixodes jellisoni and I. pacificus also belong to the medically important I. ricinus complex of vector ticks (Snow & Arthur 1970 , Filippova 1991 . Characteristics of this subgenus include the absence of anterior or posterior spurs on palpal article I (Fig. 4) ; auriculae present (Figs. 9, 10); a small external spur present on coxae I and II (Figs. 9, 10); alloscutal setae conspicuously long (often 0.08 mm-0.10 mm) (Fig. 4) , with typically 7 marginal dorsal setae, 2 or more central dorsal setae, and 1 pair of dorsal supplementary setae; and normally 3 setae on coxae III (Clifford & Anastos 1960 , Snow & Arthur 1970 . In addition, the anal groove usually is evident, but the 3 posterior marginal festoons are faint.
The subgenus Ixodiopsis (Figs. 11-13) ; external spurs absent on coxae I and II; alloscutal setae short (, 0.05 mm) with 8 marginal dorsal setae, 2 central dorsal setae, and no supplementary setae; and 2 setae present on coxae III. The anal groove may be faint but in some species the 3 post-marginal festoons are evident.
Immatures in the subgenera Pholeoixodes and Ixodiopsis traditionally have been difficult to separate (Klompen 1999) , although they can be differentiated as adults by the shape of the palps, scutum, and 14 other characters selected by Robbins & Keirans (1992) . Larvae can be distinguished by using several characters that are not exclusive for either subgenus. In Pholeoixodes larvae, we noted the presence of a taxonomically useful, uninterrupted chitinous substructural ridge posterior to the hypostome that extends horizontally (Figs. 11, 12) . It is viewed optimally in ventral mounts. Filippova (1958 Filippova ( , 1961 Filippova ( , 1977 (Filippova 1967 ), but often cleaved medially (Figs. 13-15 ) as in most species belonging to other Ixodes subgenera (e.g., Ixodes) and in all genera of the Metastriata (Figs. 6-8) .
In North America, species of Pholeoixodes usually display a spur or spurs on palpal article I, whereas they are absent among Palearctic species. When present, the spurs are very small (Fig. 11) , and the anterior one is usually lacking or greatly reduced except for I. sculptus (Fig. 12) . In Ixodiopsis, the anterior and posterior palpal spurs are usually prominent and may include both small dorsal and ventral projections (Figs. 15, 16 ). Other taxonomically utilitarian characters that have been observed among Pholeoixodes in the Nearctic and Palearctic regions (e.g., I. crenulatus) (Filippova 1958 (Filippova , 1977 include the insertion of setae SC4 inside the edge of the scutum, often with a paired dip in a somewhat elongated contour (Fig. 17 ) (Linquist et al. 1999) . In Ixodiopsis (e.g., I. angustus) (Fig. 1) , setae SC4 may be inserted well inside the edge of the scutum, and the contour is broadly rounded. Lastly, fused palpal segments II and III are wider in Pholeoixodes (Figs. 11, 12 ) and generally have a greater number of longer and stronger setae than in Ixodiopsis (Figs. 14-16 
KEY TO THE CALIFORNIAN SPECIES OF IXODES LARVAE 1
Spurs on palpal article I absent (Fig. 4) (Figs. 9, 10) ; supplementary setae usually present (Fig. 4) ; auriculae present (Figs. 9, 10) (Fig. 4) (Fig. 4) ; posterior ventral margin of basis capituli straight, thickened laterally at the corners (Fig. 9) ; internal spur on coxa I not overlapping coxa II (Fig. 9) (Fig. 9) ; base of hypostome < 0.07 mm wide; cuticular pigment reddish brown (Fig. 22) (Fig. 4) ; internal spur on coxa I acute and overlapping coxa II (Fig. 10) ; outer contour of palps slightly concave (Fig. 24) Cormorants and the pigeon Guillemot (Fig. 19) (Fig. 1) ; 2 posthypostomal setae; 5 pairs of scutal setae (Fig. 27) Marginal dorsal setae 7 pairs; 1 pair of posthypostomal setae; 4 pairs of scutal setae; found on shore nesting marine birds (Fig. 20) I. howelli 1 ex. cliff swallow 7-VII-60 Granite co. Montana RML36515; I. jellisoni 10 reared Mendocino co., 1 ex. shrew 1-VII-94 Marin co.; I. kingi 2 ex. grasshopper mouse VIII-61 Esmeralda co., Nevada RML37761; I. ochotonae 1 ex. Pika 30-III-40 British Columbia RML56702; I. pacificus 10 flagged 13-II-04 Mendocino co., 25-III-05 Alameda co. 30-IV-07 Alameda co., 2 ex. Peromyscus 6-VI-02 Mendocino co.; I. peromysci ex. Peromyscus 2-X-78 Ventura co. RML10966 (Orange co. coll.); I. rugosus 1 ex. fox 27-II-07 Contra Costa co., 3 ex. fox 2-V-04 Humbolt co., 1 ex. opossum 27-VII-06 Mendocino co.; I. sculptus 17 ex. ground squirrel 15-VII-80 Sierra co., 5 ex. ground squirrel 7-VIII-05 Mariposa co.; I. signatus 1 ex. pigeon guillemot 23-VII-77 Santa Barbara co., 4 ex. pelagic cormorant 31-XII-02 Mendocino co.; I. soricis 3 ex. Sorex monticolus 24-IX-57 Clallan co., Washington RML 36554, 2 ex. shrew 8-IV-51 Marin co., 9 ex. broad-footed mole 5-XI-80 Contra Costa co., 5 ex. shrew 1-VII-86 Nevada co.; I. spinipalpis 10 flagged 6-V-04 Mendocino co., 6 flagged 14-VI-96 Los Angeles co.; I. texanus 2 ex. skunk 22-X-52 Orange co. RML31999, 1 ex. skunk 24-XI-53 Michoacan, Mexico, 2 ex. Fisher 4-I-95 New Hampshire; I. uriae 1 ex. storm petrel 23-VII-79 Curry co., Oregon; I. woodi 11 ex. Peromyscus & Neotoma 24-IV-02 Mendocino co., 3 reared Sonoma co., 2 ex. Neotoma VI-03 ElDorado co., 5 11-V-95 Mendocino co. 
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THE PAN-PACIFIC ENTOMOLOGIST Vol. 84 (2) 11(10) Very small single posterior spur on palpal article I (Figs. 11, 13) (Fig. 13) ; length of palps < 0.170 mm; scutal length < 0.321 mm (Fig. 28) (12) Marginal dorsal setae 9 pairs, 1 pair located on the central festoon behind the anus (Fig. 1) ; small spur on palpal article I directed laterally (Fig. 11 ), palpal length < 0.141 mm; length of scutum < 0.251 mm, posterior margin of scutum flattened or slightly emarginated (Fig. 25) (Fig. 18) , directed laterally; base of hypostome without teeth; horizontal structure below hypostome broken medially as viewed in ventral mounts; palp with a straight contour (Fig. 14) (Fig. 18) ; inner and outer contours of palp indented at the junction of segments I and II, and expanding slowly (Fig. 12) ; setae SC4 and SC5 inserted at the edge of scutum, and an indentation often present in the contour at about SC5 (Fig. 17) ; structure below hypostome, as viewed in ventral mounts, forming a straight horizontal edge (Fig. 12) (Fig. 15) ; subhypostomal ridge variable; length of scutum 0.226-0.324 (0.280 mm) (Robbins & Keirans 1992) (Fig. 29) (Fig. 16 ), usually not passing lateral side of article I in dorsal view (Fig. 16) ; subhypostomal ridge entire, small tick, length of scutum 0.232-0.306 (0.263 mm) (Robbins & Kierans 1992) (Fig. 30) ; parasites of moles and shrews; subgenus Ixodiopsis . . . . . I. soricis Gregson
SUMMARY
Among the 18 species of Ixodes recorded from California only the larvae of I. pacificus, I. spinipalpis, and much less often, those of I. angustus or I. auritulus, have been collected while host-seeking atop leaf litter, logs, or along trails by dragging or flagging. Other Ixodes species that inhabit the nests or burrows of their avian or mammalian hosts rarely are collected aboveground, but instead must be removed directly from their vertebrate hosts. Therefore some larval species of Ixodes are rarely encountered, and consequently little is known about their taxonomic variation or relation to animal disease agents. Though Ixodes spp. recorded from California complied closely to their previous taxonomic descriptions, we detected variations, particularly for a few broadly distributed species that extend throughout North America and into the Palearctic region, such as I. texanus and I. angustus (Emel'yanova 1979 , Filippova 1967 . For example, I. texanus from California differs from other Pholeoixodes by lacking a spur on palpal article I (Fig. 5) (Allred et al. 1960 , Webb et al. 1990 ), whereas I. texanus from coastal areas of the eastern United States has a small spur (Clifford et al. 1961) . Ixodes texanus also differs from other Pholeoixodes in that the ridge posterior to the hypostome is cleaved.
Additionally, we found that the I. angustus-I. soricis species complex is highly variable with respect to the degree of subhypostomal cleavage and the lengths of spurs on palpal article I. Three taxonomic characters published earlier for distinguishing the larvae of I. angustus from those of I. soricis i.e., the anterior shape of the palps (Robbins & Keirans 1992) , and the shape of coxal and palpal spurs (Webb 1990) were unreliable for differentiating Californian specimens. Unfortunately, the larvae of both species have not been reared and definitively associated with either the nymphs or adults in California. Therefore a larval specimen (RML 36554) from Washington identified as I. soricis in the U.S. National Tick Collection, and Californian specimens of I. soricis identified by D. P. Furman ( Fig. 30) were utilized to select characters for our key. The most useful criterion proved to be host specificity (rather than morphology) because all stages of I. soricis are specific to shrews, and the immatures of I. angustus rarely infest these insectivores (Gregson 1942) .
Ixodes woodi exhibits the greatest variety of overlapping characters between the subgenera Ixodiopsis and Pholeoixodes. The adults of I. woodi clearly qualify as Ixodiopsis (Robbins & Keirans 1992) , but according to our observations the larvae of I. woodi (Fig. 28 ) contain more character states typical of Pholeoixodes. It has the robust appearance of the sympatric species I. rugosus (Pholeoixodes) (Fig. 26 ) including wider palps with longer and stronger palpal setae versus other Californian members of Ixodiopsis (Figs. 29, 30 ). It also displays SC4 inserted close to the edge of the scutal cuticle, lacks an anterior spur on palpal article I, and has a very small posterior spur, traits that are typical of Pholeoixodes. It does display the post-hypostomal cleavage observed in Ixodiopsis, however. We conclude that further morphological (Klompen 1999 ) and molecular analysis (Fang et al. 2002 , Xu et al. 2003 ) of these two taxonomic constructs is warranted and might alleviate some of the taxonomic confusion that surround these distinct, but related taxa.
